β-Lapachone is a natural product with multiple pharmacological activities and mechanistic studies indicated that reactive oxygen species (ROS) generated by β-lapachone play significant roles in its pharmacological actions. As photosensitization is an important ROS-generating pathway, in the present work, the photosensitization mechanisms of β-lapachone are explored on the basis of density functional theory estimated triplet excited state characters. Starting from triplet excited state β-lapachone, the possible generating pathways of 1 O 2 and O 2 ·are elucidated and the solvent effects on the photosensitizing reactions are also discussed.
The bioactive naturally occurring quinone β-lapachone (1), is usually isolated from the heartwood of Tabebuia avellanedae. Numerous studies reported that 1 exhibits a wide range of pharmacological activities, including antibacterial, anti-fungal, anti-inflammatory, and anti-tumor activities [1a-1c] . It has been found that 1 can give birth to reactive oxygen species (ROS), including 1 O 2 , O 2 · -, and H 2 O 2 [1d] . Mechanistic studies indicated the importance of ROS-generation to its pharmacological actions [1a,2a] . For instance, ROS are responsible for the cytotoxicity of 1 to cancer cells and make 1 an excellent candidate for development as an anti-carcinogenic compound [1a,2a] . It was reported that 1 possesses photosensitizing activity [1d] , which is the consequence of its ROS-photogenerating pathways. Thus, more effort is necessary to elucidate the photosensitization mechanisms of 1. Upon irradiation, the ground (S 0 ) state 1 is initially excited to the singlet excited (S 1 ) state and then, through intersystem crossing, reaches triplet excited (T 1 ) state, which is the starting point for the photosensitizing reactions. Density functional theory (DFT) calculations can successfully gain deeper insights into the photo-physicochemical characters of various photosensitive compounds [2b]. In the present communication, based on DFT calculations, T 1 state characters and photosensitization mechanisms of 1 were elucidated. The solvent effects were also taken into consideration employing the polarized continuum model (PCM) during the calculations.
First, the primary role of T 1 state in the photosensitizing reactions makes the lowest triplet excitation energy (E T1 ) crucial to understanding the photosensitization characters. The E T1 of 1 is theoretically estimated to be 1.85 eV in benzene and 1.81 eV in acetonitrile, respectively, which is
close to the experimental value of 1.99 eV [3a] . As the E T1 of 1 is much higher than the energy necessary to bring 3 O 2 to 1 O 2 (1.05 eV for 1 Δ g state and 1.65 eV for 1 ∑ g + state), the T 1 state of 1 can give birth to 1 O 2 in principle through a direct energy transfer pathway [Eq. (1)] in both solvents. This pathway accounts for the high experimental quantum yield of 1 O 2 (0.60) of 1 [1d]. The second photosensitization pathway may occur through the direct electron transfer from the T 1 state of 1 to 3 O 2 leading to the formation of O 2 · -(Eq. (2)). As the T 1 state vertical ionization potential (VIP T1 ) dominates the feasibility of this pathway, the VIP T1 of 1 in benzene and acetonitrile is calculated using a high-level combined DFT method labeled as (RO)B3LYP/6-311+G(2d,2p)/B3LYP/ 6-31G(d,p). As a high polar solvent exhibits a more significant stabilization effect on the cation radical in comparison with the nonpolar one, as expected, the VIP T1 of 1 in benzene is about 0.72 eV higher than that in acetonitrile (Table 1) (Table 1) of 1 and the electron affinity of 3 O 2 is positive in both benzene and acetonitrile, implying the unfeasibility of the electron transfer process to form O 2 · -.
Moreover, besides the direct energy or electron transfer reactions with 3 O 2 , through autoionization reactions, the T 1 state of 1 may react with either the neighboring S 0 state [Eq. (3)] or the T 1 state of 1 [Eq. (4) ] to result in the anioncation radical couples. The autoionization reactions may be followed by the electron transfer from 1·to 3 O 2 [Eq.
(5)], which is an important origin of O 2 ·generation. The feasibility of reaction (3) depends on the summation of VEA T1 and VIP S0 (or VEA S0 and VIP T1 ) of 1 (Table 1) , which is positive both in benzene and acetonitrile. Judging from the summation of VEA T1 and VIP T1 (Table 1) , the electron transfer between the T 1 state of 1 (Eq. 4) is feasible in acetonitrile, while forbidden in benzene, theoretically. Once 1·is formed in solution, it may then pass its extra electron to 3 O 2 resulting in the generation of O 2 · -[Eq. (5)] owing to the negative total reaction energy. As we know, O 2 ·can be converted to H 2 O 2 via a superoxide dismutase (SOD)-catalysed reaction, followed by the formation of a ·HO by the iron-catalysed reduction of peroxide through either the Fenton [3b] or Haber-Weiss [3c] reactions. The electron transfer from 1·to 3 O 2 accounts, in part, for the experimentally observed O 2 ·generation [3d]. Collectively, the presumed ROSphotogenerating pathways of the T 1 state of 1 are elucidated in Figure 1 . The findings are helpful to deepen our understanding of the pathways of ROS generation by 1, which plays important roles in its multiple pharmacological activities.
Experimental
All calculations were implemented with the Gaussian 03 package of programs [4a] . The calculation procedures are as follows. First, the geometry of 1 was fully optimized by hybrid DFT and B3LYP functional [4b] with 6-31G(d,p) Gaussian basis set in implicit solvents (benzene and acetonitrile) models. Then, the lowest triplet excitation energy (E T1 ) of 1 was estimated by the time-dependent-DFT (TD-DFT) formalism with the same basis set in solvents [4c] . A high-level combined DFT method labeled as (RO)B3LYP/6-311+G(2d,2p)/B3LYP/6-31G(d,p) was used to estimate the molecular vertical electron affinities (VEAs) and vertical ionization potentials (VIPs) in solvents. The combined method means that (RO)B3LYP/6-311+G(2d,2p) was employed to calculate the single-point energy on the basis of B3LYP/6-31G(d,p)optimized structures. During the calculations, the selfconsistent reaction field (SCRF) method with PCM of Tomasi and coworkers was used to examine the solvent (benzene and acetonitrile) effects [4d,4e].
